Background: Epidermal growth factor receptor (EGFR) mutations, including a known exon 19 deletion (19 del) and exon 21 L858R point mutation (L858R mutation), are strong predictors of the response to EGFR tyrosine kinase inhibitor (EGFR-TKI) treatment in lung adenocarcinoma. However, whether patients carrying EGFR 19 del and L858R mutations exhibit different responsiveness to EGFR-TKIs and what are the potential mechanism for this difference remain controversial. This study aimed to investigate the clinical outcomes of EGFR-TKI treatment in patients with EGFR 19 del and L858R mutations and explore the genetic heterogeneity of tumors with the two mutation subtypes.
Background
The mutation frequency of epidermal growth factor receptor (EGFR) is approximately 35%-40% among Asian patients with stage IV non-small cell lung cancer (NSCLC) [1, 2] . Mutations are the most prevalent in East Asian, female, non-smoking patients with adenocarcinoma [3] . EGFR is involved in an important signal transduction pathway that regulates tumorigenesis and cell survival and is frequently overexpressed during the development and progression of NSCLC. Among the various types of EGFR mutations, the most common genetic alterations are in-frame deletions of exon 19 (19 del ; approximately 44%), which encompasses the amino acids from codons L747 to E749, and the L858R point mutation of exon 21 (L858R mutation; approximately 41%) [4] . Notably, the tyrosine kinases with EGFR exon 19 del and L858R mutations exhibit a reduced affinity with adenosine triphosphate (ATP) but have a relatively high affinity with EGFR tyrosine kinase inhibitors (EGFR-TKIs) and, therefore, generate an antitumor effect [5, 6] . EGFR mutation status is the most crucial factor for NSCLC patients in the clinical response to EGFR-TKIs [6] . A series of phase III randomized-controlled trials (RCTs) have shown that patients with EGFRmutated NSCLC who received EGFR-TKI treatment had a higher objective response rate (ORR), longer progressionfree survival (PFS), and better quality of life (QoL) than those who received standard chemotherapy [7] [8] [9] . However, these studies did not report an overall survival (OS) benefit of EGFR-TKI therapy in NSCLC patients.
Recently, a pooled analysis of two multicenter randomized clinical studies (LUX-Lung 3 and LUX-Lung 6) compared first-line chemotherapy in patients who carried EGFR mutations with afatinib, a second-generation, irreversible EGFR-TKI [10] . The results showed that patients with EGFR 19 del who received afatinib treatment had a significantly longer OS compared with those treated with platinum-based chemotherapy. On the contrary, patients with L858R mutations presented longer OS in the chemotherapy group than in the afatinib treatment group, although the difference did not reach statistical significance. Thus, the researchers concluded that the tumors with EGFR 19 del and L858R mutations can be thought of as two different diseases that require different treatment strategies. This conclusion generated great controversy regarding the following points: (1) whether the tumors with EGFR 19 del and L858R mutations are indeed two different diseases; (2) whether first-generation EGFR-TKIs can achieve the same results as afatinib in patients who possess the EGFR 19 del or L858R mutations; and (3) whether the genetic heterogeneity of the NSCLC patients with the two genotypes is associated with different clinical responses to EGFR-TKIs. Providing answers to these controversies or questions would help optimize the individualized treatment strategies for advanced NSCLC.
Here, we retrospectively analyzed the efficacy of EGFR-TKI therapy on metastatic NSCLC with an EGFR 19 del or an L858R mutation. Given the co-existence of uncommon mutations of EGFR including T790M mutation and other gene mutations might influence the efficacy of EGFR-TKI between these two sensitive groups [11, 12] , we deeply explored the difference in heterogeneity between tumors with the two EGFR mutation subtypes.
Population and methods

Patient population
Among 1127 patients with histologically confirmed lung adenocarcinoma (stage IIIB or IV) possessing either the EGFR 19 del or L858R mutation treated at the Peking University Cancer Hospital between April 2004 and September 2014, 532 patients treated with EGFR-TKIs were included in this study. The objective response was assessed according to the response evaluation criteria in solid tumors (RECIST) 1.1 criteria [13] . Patients without measurable lesions according to the RECIST 1.1 criteria were excluded. Informed consent to allow the use of biopsy tissue for genetic analyses was obtained from all patients. This study was reviewed and approved by the Institutional Ethics Committee of Peking University Cancer Hospital.
Patient characteristics were determined by a retrospective chart review, including age at diagnosis, sex, smoking status, clinical stage, and Eastern Cooperative Oncology Group (ECOG) performance status (PS) at the initial treatment with EGFR-TKI and chemotherapy. Smoking status was based on records at the patients' first clinic visit; smokers were defined as having smoked more than 100 cigarettes in a lifetime. All patients with EGFR mutations were recommended to receive gefitinib (250 mg daily), erlotinib (150 mg daily), or icotinib (375 mg daily) according to individual preference until disease progression, unacceptable toxicities, or self-withdrawal.
EGFR mutation evaluation
Tumor tissues for EGFR analysis were collected at the time of diagnosis or recurrence before receiving EGFR-TKI therapy. The EGFR 19 del or L858R mutation was detected by using denaturing high-performance liquid chromatography (DHPLC) [14] . The T790M mutation was detected with an amplification refractory mutation system (ARMS) [15] .
Sample collection, library preparation, and next-generation sequencing
To find possible gene alterations that account for the potential mechanism resulting in differences in clinical outcome between the EGFR 19 del and L858R mutation groups, we selected 12 patients with the EGFR 19 del (seven with paired normal leukocytes and five without) and another 12 patients with the L858R mutation (nine with paired normal leukocytes and three without) via simple random sampling. Samples of the 12 patient pairs above were used for next-generation sequencing (NGS) to detect a panel of 483 cancer-related genes, including all sites of EGFR mutations, other known driver genes, drug targets, and drug-resistant genes. Another 19 patients who were identified from a Novogene Company database, including 12 patients with EGFR 19 del and 7 with L858R mutations, were also analyzed. Genomic DNA was extracted by using the Qiagen blood mini kit (Qiagen, Hilden, Germany) according to the manufacturer's instructions. DNA libraries were prepared using the NEBNext DNA Library Prep Reagent Set (New England BioLabs, Ipswich, MA, USA). All exons of the 483 cancer-related genes and 88 introns from 14 genes that are frequently rearranged in cancer were captured using Agilent SureSelect XT (Agilent, Santa Clara, CA, USA). The libraries were sequenced using paired-end 150-bp reads on a Hiseq sequencing system (Illumina, Beijing, China). The median sequencing depth was 469× per sample (ranging from 38× to 3883×).
Statistical analysis
The Wilcoxon rank-sum test or χ 2 test was used to test the difference of clinical and pathologic parameters between patients with the EGFR 19 del and L858R mutations. The clinical response to EGFR-TKI treatment was evaluated based on computed tomography (CT) scans every 2 months during treatment and was classified as complete response (CR), partial response (PR), stable disease (SD), or progressive disease (PD) by using the standard RECIST 1.1 criteria. The ORR and disease-control rate (DCR) between patients with the two mutation types were calculated and compared by using χ 2 tests. PFS was calculated from the start of EGFR-TKI therapy to treatment failure (disease progression, death, or appearance of unacceptable toxicity) or the date of the last followup. OS was defined as the first day of EGFR-TKI therapy until death from any cause or the date of the last followup. Survival curves were estimated by using the KaplanMeier method, and the differences between groups were analyzed by using the log-rank test. The multiple Cox's proportional hazard model was used for univariate and multivariate analyses to assess the variables including age, sex, smoking status, PS status, EGFR mutation type, EGFR-TKI drugs, and treatment lines of TKI therapy and to predict the hazard rates for PFS and OS. The Fisher's exact test was used to select the different mutations between the EGFR 19 del and L858R mutation single nucleotide variation (SNV) samples. Genes with a significant difference in expression between the two groups were further analyzed. Lastly, mutation frequencies were used to determine whether the mutations were somatic or germline mutations. The statistical significance level was defined as two-sided P < 0.05. All statistical analyses were performed with the SPSS statistical software, version 19.0 (IBM Corp., Armonk, NY, USA).
Results
Patient characteristics
Of the 532 patients with an EGFR mutation, 319 (60.0%) harbored an EGFR 19 del, and 213 (40.0%) had the L858R mutation. The patients' clinical characteristics are shown 
Objective response
Of the 532 patients, 79 were excluded due to the lack of response evaluation, and the other 453 were divided into two groups according to the EGFR 19 del and L858R mutation statuses ( Table 2) . The clinical responses, including CR, PR, SD, and PD, did not significantly differ between the two groups (P = 0.074). For the whole cohort, the ORR of TKIs in patients with the EGFR 19 del was significantly higher than that in patients with the L858R mutation (55.2% vs. 43.7%, P = 0.017). There was no significant difference in the DCR between 19 del and L858R mutation groups (94.1% vs. 89.6%, P = 0.081). In the stratified analysis, the EGFR 19 del group displayed higher ORR to gefitinib than the L858R mutation group (59.2% vs. 43.2%, P = 0.005). However, no significant differences were observed in patients treated with erlotinib (55.8% vs. 39.1%, P = 0.184) or icotinib (33.3% vs. 58.8%, P = 0.089).
Progression-free survival
Up to the last follow-up in September 2014, the median PFS in the entire cohort was 12.5 months (95% confidence interval [CI], 11.2-13.7 months). In patients treated with a TKI as the first-line therapy, the patients with EGFR 19 del had significantly longer PFS compared with those with L858R mutation (14.4 vs. 11.4 months, P = 0.034; Fig. 1a ). There was no significant difference in PFS between the two groups with TKI as secondline therapy or greater (11.7 vs. 11.2 months, P = 0.371; Fig. 1b ). We subsequently analyzed whether there was a difference in PFS between patients with the same mutation subtype (the EGFR 19 del or L858R mutation) receiving different EGFR-TKI agents. No significant differences were observed between every two agents. Further, we investigated whether the same EGFR-TKI agent has different effects on patients with different mutation subtypes. In the first-line therapeutic setting of EGFR-TKIs, gefitinib could provide the patients harboring EGFR 19 del with a significantly longer PFS compared with those carrying L858R mutations (13.2 vs. 10.0 months, P = 0.008). In addition, this trend of prolonged PFS was also observed in the subgroup that received erlotinib as a first-line therapy, although the difference did not reach statistical significance (19.4 vs. 11.4 months, P = 0.889).
Stepwise Cox proportional hazards analysis was carried out to evaluate the association between PFS and the clinical characteristics described above. For patients with EGFR mutations who received TKI as a first-line therapy, both univariate and multivariate analysis showed that EGFR mutation status was the only predictive factor for PFS (P = 0.035 and P = 0.017, respectively), as shown in Table 3 .
Overall survival analysis
The median OS for the entire cohort was 31.3 months (95% CI, 26.8-35.7 months). There was no significant difference in median OS between the EGFR 19 del and L858R mutation groups with first-line TKI treatment (34.9 vs. 37.5 months, P = 0.566; Fig. 2a ) or secondline or greater TKI treatment (26.7 vs. 23.8 months, P = 0.256; Fig. 2b ). Multivariate analysis did not reveal any predictive factor for OS, as shown in Table 3 . 
Association of the EGFR mutations with the T790M mutation
The T790M mutation status is shown in Table 4 according to different EGFR genotypes and TKI therapy. The frequency of the T790M mutation in the post-EGFR-TKI treatment group was significantly higher than that in the pre-EGFR-TKI treatment group (28.4% vs. 6.8%, P < 0.001), and the co-existence of T790M mutation with EGFR 19 del in pre-and post-EGFR-TKI treatment groups was lower than that with the L858R mutation, but this difference was not statistically significant (5.6% vs. 8.8%, P = 0.554; 24.4% vs. 35.4%, P = 0.176, respectively).
Association of the EGFR mutations with the multi-genes aberrances
In total, 43 patients were involved in our genetic heterogeneity analysis, and there was no significant difference in the distribution of 483 cancer-related genes between the EGFR 19 del and L858R mutation groups. Twelve patient pairs from our center with relatively complete clinical information were further analyzed (Fig. 3 ). There were 20 different SNV/InDels (insertions/deletions) identified in the tumor tissue samples from the 12 patient pairs with an EGFR 19 del or L858R mutation (P < 0.05; Table 5 ). Except for EGFR mutations, the mutation frequency for the rest 19 differential SNV/InDels approximately equaled 50% or 100%, and these SNV/InDels were found in the tumor tissues of patients whose corresponding leukocytes were not sequenced due to the deficiency of the samples. Considering the genetic constitution of diploid organisms, we believed that these mutations were germline mutations rather than somatic ones. Therefore, the NGS analysis of the small samples did not display the difference in the somatic mutations between the two genotypes. The copy number variation of myeloid cell leukemia sequence 1 (MCL1) occurs more frequently in patients with an EGFR 19 del (10 of 12 patients) compared with those with the L858R mutation (4 of 12 patients); this difference was significant (P = 0.040; Fig. 4 ).
Discussion
The current study retrospectively investigated the clinical outcomes of 532 lung adenocarcinoma patients harboring EGFR 19 del or L858R mutation after first-generation EGFR-TKI treatment. The ORR was significantly higher in the EGFR 19 del group than in the L858R mutation group. When EGFR-TKI was used as a first-line treatment, the patients with the EGFR 19 del presented significantly longer PFS compared with those with the L858R mutation. However, no significant difference of OS between the two mutated subgroups was observed. Either gefitinib or erlotinib therapy provided the patients carrying an EGFR 19 del with a longer PFS than those with L858R mutations, although the difference in the erlotinib group did not reach statistical significance. These results suggested that PFS differences in the response to EGFR-TKI therapy between the patients with EGFR 19 del and L858R mutations may mainly derive from gefitinib and erlotinib therapy. However, this theory requires addition studies for confirmation. The NGS technique was used in 43 patients with the EGFR 19 del or L858R mutation for genetic heterogeneity analysis. We found that there was no difference in uncommon EGFR mutations or other somatic mutations between the two mutation subtypes. However, according to our data and those of other investigators, patients with the EGFR 19 del indeed exhibited a longer PFS than patients with the L858R mutation [7] [8] [9] . Possible reasons resulting in the difference in PFS were speculated to be related to the space structure, different drug affinity with EGFR-TKIs, and genetic heterogeneity between these two genotypes [16, 17] . First, just like the tyrosine kinases of sensitive EGFR mutations exhibit a relatively higher affinity with EGFRTKIs compared with the affinity with ATP, EGFR 19 del might be efficiently inhibited by EGFR-TKIs compared with the L858R mutation [5] . We assume that EGFR structural alterations caused by the EGFR 19 del may lead to a tighter combination with EGFR-TKIs compared with those changes caused by the L858R mutation. However, in vitro studies have demonstrated that NSCLC cell lines that possess the EGFR 19 del and L858R mutation had a similar degree of EGFR phosphorylation and almost equally growth inhibited by equivalent concentration of gefitinib [18, 19] . As a consequence, it is now unknown whether different conformations and/or affinities with EGFR-TKIs between EGFR 19 del and L858R mutations provide an explanation for the difference in survival. These issues still need further study.
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In addition, our results indicated that the OS was similar in two subtype groups of patients treated with first-generation EGFR-TKIs, but significant difference in OS was observed in patients treated with the second-generation EGFR-TKI afatinib in a previous study [10] . Unlike first-generation EGFR-TKIs, the secondgeneration EGFR-TKI afatinib is an irreversible inhibitor of EGFR and epidermal receptor 2 (Her-2) tyrosine kinase. Afatinib not only targets EGFR but also has an inhibitory effect on Her-2 [10] . The different drug targets may also contribute to differences in OS between patients treated with first-and second-generation EGFR-TKIs.
In conclusion, for patients with advanced lung adenocarcinoma, the use of first-line EGFR-TKIs in patients who harbored the EGFR 19 del might be associated with higher ORR and longer PFS compared with patients who carried the L858R mutation. Regardless of the use of EGFR-TKIs as a first-line, second-line, or greater treatment, there was no significant difference in the OS between the two mutation subgroups. We also found that there was no difference in genetic heterogeneity between these two mutation subtypes using the NGS technique. 
